Background This study aimed to evaluate whether treatment with sodium valproate (SV) was associated with reduced risk of stroke or myocardial infarction (MI). Methods Electronic health records data were extracted from Clinical Practice Research Database for participants ever diagnosed with epilepsy and prescribed antiepileptic drugs. A nested case-control study was implemented with cases diagnosed with incident nonhaemorrhagic stroke and controls matched for sex, year of birth, and study start date (ratio of 1:6). A second nested study was implemented with MI as outcome. The main exposure variable was SV therapy assessed as: ever prescribed, pre-stroke year treatment, number of SV prescriptions, and cumulative time on SV drug therapy. Odds ratios were estimated using conditional logistic regression. Results Data were analysed for 2002 stroke cases and 13 098 controls. MI analyses included 1153 cases and 7109 controls. Pre-year stroke SV treatment (28%) was associated with increased stroke risk (odds ratio 1.22, 95% confidence interval (CI): 1.09 to 1.38, p < 0.001). No association was observed between ever being prescribed SV with ischemic stroke (OR = 1.01, 95% CI: 0.91 to 1.12, p = 0.875). A significant association was observed between ever being prescribed SV with MI (OR = 0.78, 95% CI: 0.67 to 0.90, p < 0.001). Patients in the highest quarter of SV treatment duration had lower odds of ischemic stroke (OR = 0.57, 95% CI: 0.44 to 0.72, p < 0.001) and MI (OR = 0.29, 95% CI: 0.20 to 0.44, p < 0.001). Conclusion Sodium valproate exposure was associated with the risk of MI, but not ischemic stroke. However, longer exposure to SV was associated with lower odds of stroke, but this might be explained by survivor bias.
INTRODUCTION
Recently, a genetic variant on chromosome 7p21.1 has been associated with ischaemic stroke in a large genome wide association study (GWAS), 1 and this result has been confirmed in further populations. 2 The underlying gene is thought to be histone deacetylase 9 (HDAC9). The association was confined to large artery stroke, not being present with other stroke subtypes. 1 Consistent with a role in atherosclerosis the same variant was associated with increased carotid intima-media thickness and asymptomatic carotid plaque. 3 HDAC9 is upregulated in symptomatic carotid atherosclerotic plaques, 3 and drugs inhibiting HDAC activity might offer a novel preventative treatment for larger artery stroke.
The commonly used antiepileptic drug (AED) sodium valproate (SV) is a non-specific HDAC inhibitor. 4 SV has been shown to attenuate atherosclerosis in apoE deficient mice. 5 A Danish cohort study suggested that while AED treated epilepsy was associated with an increased risk of stroke, the extent of this effect varied with the AED prescribed. SV was associated with a decreased risk of both stroke and myocardial infarction (MI) compared with carbamazepine. 6, 7 This finding is consistent with HDAC inhibition reducing stroke risk, but data are only available from this one study, and other studies have suggested that SV treatment may adversely affect cardiovascular risk factor profile. 8 For this reason, more data are required. If HDAC9 is associated with stroke via atherosclerosis, one might expect there to be similar associations with other cardiovascular diseases related to atherosclerosis (i.e. MI). GWAS studies, however, have shown the association of the 7p21.1 variant with MI was weaker than that with large artery stroke. 9 Therefore, it is possible that any protective effect of SV on ischaemic stroke may be greater than that seen with MI. We used a large database incorporating the electronic health records of family practices in the United Kingdom (UK) to determine the association of SV drug therapy with ischaemic stroke risk and MI in a cohort of epileptic patients. We compared any associations with those with other commonly used AEDs, which have been shown not to have HDAC inhibitory activity. 10 
METHODS

Data
A nested case-control study was implemented using data from the Clinical Practice Research Datalink (CPRD) (www.cprd.com). CPRD is the world's largest database of anonymous longitudinal patient records from primary care and collects data from over 600 UK general practices, covering over 10% of the UK population. Participating practices follow predefined protocols for recording and transferring of computerized clinical data to the research database. Data reaching a high enough standard for research are indicated as 'upto-standard' (UTS). 11 Information recorded in CPRD includes demographic information, clinical diagnoses, referral to secondary care, laboratory test results, all prescriptions issued, and hospital admission and discharge information. The database is broadly representative of the UK population in terms of sex, age and geography. The high quality of CPRD prescription and diagnosis information has been documented. 12, 13 The study population consisted of a cohort of epilepsy patients treated with at least one AED who were registered with 653 CPRD practices between 1 January 1992 and 31 January 2013. Data were extracted from the CPRD in February 2013. The cohort of epilepsy patients was identified using the Read diagnostic codes developed by Nicholas et al.
14 Cases were all epilepsy patients with a first ever record of ischemic stroke during the study period. All cases had at least 24 months of record before the stroke incidence date. Incidence density sampling 15 was used to identify up to six randomly selected controls for each case, matched for analysis time (study start date, within 2 years), age (year of birth, within 5 years) and sex, who did not have a stroke on or before the stroke index date for matched cases. All controls were epilepsy patients without a stroke who were alive and registered with the practice at the date of the first recorded diagnosis of stroke in their matched case. A different set of controls were selected for MI cases that were matched on the same variables as for stroke cases.
Exclusions
Patients were excluded if the latest of the start of UTS, registration date, study start date (1 January 1992), or the index date (date when a first epilepsy diagnosis was recorded) for epilepsy was after the stroke index date (date when a first stroke diagnosis was recorded). Individuals aged 30 years or younger at the time of an incident stroke were excluded because of the lower risk and differing aetiology in this age group. In line with study hypothesis, all patients diagnosed with hemorrhagic stroke were excluded from the analyses. Controls were excluded if their epilepsy index date or registration/UTS date was after the stroke index date for their matched case.
Outcomes
Read medical codes developed by Gulliford et al. 16 were used to identify ischemic stroke events during the study period. Cases with haemorrhagic strokes were excluded but those with codes that did not distinguish between haemorrhage or infarction were included. To identify MI events, we used codes developed by Bhattarai et al. 17 The date of first stroke or MI code is referred to as the stroke or MI index date. Index stroke and MI events within 2 years of the start date were excluded as prevalent cases.
Exposure
Sodium valproate treatment represented the primary exposure of interest for the present study. To assess the specificity of SV exposure, we also considered carbamazepine, phenobarbital and phenytoin treatments. These, with SV, are the most commonly prescribed AEDs in the UK. All three AEDs prescriptions after the study start date and before the stroke index date were included.
Four different exposure variables were created: ever treated, pre-stroke year treatment, cumulative number of prescriptions and duration of time on treatment. Every treatment exposure was constructed as a binary variable if any prescription was issued from the study start date to the index date for stroke (for controls, we used the matched case stroke index date). Prestroke year treatment was also constructed as a binary variable if any prescription was issued in the year prior to an incident stroke. Cumulative number of prescriptions was defined as the sum of all relevant AEDs prescriptions issued from study start date to the stroke index date. Time on treatment was calculated as total number of days from the study start date (mostly epilepsy index date) to the stroke index date for which the patients were issued any prescription for the relevant AED. This approach ensured a certain degree of overlap between SV use and epilepsy diagnosis. We considered consecutive prescriptions as being part of the same episode if the elapsed time between the end of one prescription and the issue of the next did not exceed 90 days.
Confounders
The selection of the covariates was informed by those factors identified in the literature as being associated both with epilepsy and stroke. 6, 18 These included body mass index ((BMI); <18.5, 18.5-25, >25-<30, 30-<35 and >35 kg/m2), smoking (never, ex, current), blood pressure ((BP); diastolic BP <90 and systolic BP <140(normal), diastolic BP 90-94 or systolic BP 140-159 (borderline), and diastolic BP ≥95 or systolic BP ≥160 mmHg(hypertension)), total cholesterol (0 to <4, 4 to <5, 5 to <6, 6 to 15 mmol/l), and a series of binary variables: coronary heart disease (CHD), psychiatric illness, lipid-lowering drugs (statins), antihypertensive drugs, antipsychotic drugs, and type 2 diabetes drugs. For each confounder, the value closer to the study baseline (start date) was considered.
Statistical analysis
The study start date was represented by the later of the start of the participant's record in CPRD, 1 January 1992, or the diagnosis date for epilepsy. The followup ended at the earliest of the study outcome index date (i.e. stroke date diagnosis), date of death, 31 January 2013, or the end of the CPRD record. Conditional logistic regression analysis was employed to estimate odds ratio and 95% confidence intervals (CI) for the association between AED's with ischemic stroke and MI. Separate estimation models were performed for ischemic stroke and MI. Also, separate models were estimated for ever treated, pre-stroke year, cumulative number of prescriptions and time on AED treatment. The reference group for the exposure variables was represented by other AED prescriptions but the prescription of interest. For instance, the reference category for SV prescription analysis was no SV prescription. All analyses were adjusted for study covariates including BP, BMI, cholesterol, smoking, CHD, psychiatric illness, antihypertensive drugs, lipid-lowering drugs, antipsychotic drugs and type 2 diabetes drugs. Data for confounders were not available for all patients, and we used missing indicator variables to address missing data. Specifically, patients with missing data on a covariate were included in analysis as a separate category. This approach prevents the loss of power and allows an insight into whether missing data is informative. 19 When data may be missing not at random, as in the present data, multiple imputation may also give biassed estimates. 20 Therefore, a missing indicator variable was used to explore whether patients with missing data were at greater risk of study outcome, which was not the case. Therefore, a missing indicator variable was used to explore whether patients with missing data were at greater risk of study outcome, which was not the case. Sensitivity analyses were conducted to investigate for possible survival bias effects by matching cases and controls on time from epilepsy diagnosis to study start date. Following Rothman 21 and Greenland, 22 the analyses did not adjust for multiple comparisons. Data were analysed using STATA version 12. Figure 1 illustrates the selection of study participants. After excluding ineligible patients and matching procedure, there were 2002 cases and 13 098 controls. For MI analyses, 1153 cases and 7109 controls were included in the analyses. Baseline characteristics of the stroke cases and controls are in Table 1 . Baseline characteristics for MI patients presented similar patterns to the stroke patients, with higher rates of antihypertensive (75%) and lipid-lowering drugs (61%). There was a declining trend in recording of SV drug prescription from 1992 to late 2000s (see supplementary material). Table 2 shows that about a third (34%) of stroke cases and controls were ever prescribed SV during the study period. A higher proportion of stroke cases (28%) were prescribed SV in the year prior to an incident ischemic stroke compared with controls (24%). Mean number of years on SV therapy amongst stroke cases was 0.66 years in the lowest quarter of time on treatment, 3.24 in the second quarter, 7.61 in the third quarter and 14.56 in the highest quarter.
RESULTS
There was no association between being ever treated with SV and ischemic stroke (OR = 1.01, 95% CI: The results for the MI outcome (Table 3) revealed that MI cases (28%) had a lower proportion of ever SV prescriptions relative to their controls (34%). Being ever on SV therapy was associated with lower risk of incident MI (OR = 0.78, 95% CI: 0.67-0.90, p 0.001) compared with other AED therapy. Pre-MI year record of SV prescription was not associated with incident MI (OR = 0.88, 95% CI: 0.75-1.04, p = 0.142). The results for number of and duration of SV prescriptions showed similar patterns to those for the ischemic stroke outcome.
The results of sensitivity analyses (Table 4) indicated that every treatment with phenytoin was associated with lower odds ratio of ischemic stroke (OR = 0.80, 95% CI: 0.72-0.89, p < 0.001). Conversely, pre-stroke year carbamazepine therapy was associated with increased odds ratio of ischemic stroke (OR = 1.52, 95% CI: 1.35-1.70, p < 0.001) compared with other AED therapy. Likewise, sensitivity analyses for MI as outcome indicated a positive association between pre-MI year carbamazepine and phenytoin therapy with an incident MI event.
The results for the duration on other AED prescriptions showed similar patterns to those for SV. Also, sensitivity analyses that adjusted for time from epilepsy diagnosis to study entry provided similar results.
DISCUSSION
In a large case control study of epilepsy treated patients, SV therapy was associated with lower risk of MI incidence but not ischemic stroke. There was some evidence of an exposure-response relationship between SV prescribing and risk of an incident ischemic stroke. Specifically, epilepsy patients who were in the highest quarter of number of SV prescriptions or drug therapy duration showed lower risk of ischemic stroke relative to those not on SV. In contrast, epilepsy patients in the lowest quarter of number of SV prescriptions or the lowest quarter of SV drug therapy duration appeared to be at increased risk of an ischemic stroke. Similar patterns were observed with respect to the MI outcome. Sensitivity analyses using carbamazepine, phenytoin and phenobarbital therapy showed a similar pattern of association between duration of therapy and lower stroke risk. The non-specific patents observed when assessing the risk of ischemic stroke by duration of exposure suggests the possibility of survivor bias The genetic association of the HDAC9 variant is limited to large artery stroke and therefore any effect of SV on stroke incidence would be expected to be limited to this subgroup, which comprises about 20% of all ischaemic strokes. The present study data did not allow for such detailed subtyping of ischaemic stroke cases, and this might be expected to reduce the strength of any association between SV therapy and all ischaemic stroke. Because most cases of MI relate to large artery atherosclerosis, there may be less dilution of any association with MI, and this would be consistent with our results.
Any drug protecting against large artery stroke could act at a number of stages from prevention of atherosclerosis to stabilising the unstable carotid plaque. The association of the HDAC9 variant with carotid intima-media thickness and asymptomatic plaque 3 suggests that any effect of SV would be at this earlier stage; therefore prolonged therapy might be expected to be required to reduce atherosclerosis progression. Thus, any preventative influence of SV therapy on ischemic stroke would be noticed with longer exposure to SV therapy. This may account for the observed association of longer exposure to SV therapy with lower incidence of ischemic stroke, but no association with short exposure.
Methodological biases are also plausible explanations for the study findings. The high risk of ischemic stroke observed with short time on SV therapy could be explained by confounding by indication. In this study, mean age at epilepsy diagnosis for the lowest quarter of SV therapy duration was 64 years compared with 42 years in the highest quarter. In older adults with late onset epilepsy, SV is generally the first choice of therapy. 23 Thus, short time SV therapy exposure may be associated with older age at epilepsy diagnosis, 24 and as late onset seizures increase the risk of ischemic stroke, 18 this may explain the apparent higher risk of ischemic stroke associated with short time exposure to SV therapy. The low risk of ischemic stroke associated with longer exposure to SV therapy may be accounted for by survival bias (i.e. only the healthiest patients survived long enough to reach the longest durations of SV exposure). Sensitivity analyses that adjusted for time from epilepsy diagnosis to study entry suggested that survival bias was unlikely to be the sole explanation for the findings, and other factors not collected in the study data (i.e. epilepsy aetiology) need consideration. Furthermore, both phenytoin and phenobarbital drug therapies appeared to be associated with lower risk of ischemic stroke, suggesting that this observation might result from a generic survivor bias 24 rather than from exposure to a specific AED class.
Strengths and limitations
A major strength of the present study was the use of a primary care database with documented validity on the recording epilepsy diagnosis, epilepsy pharmacology and stroke diagnosis. Several limitations are also important to note. The present analysis was unable to take into account aetiology or severity of patients' epilepsy as GP records rarely contain coded data describing the frequency, aetiology or duration of seizures. Another problem with pharmacoepidemiology studies is that it is not easy to separate the unique effects of any particular drug because polypharmacy is common especially in older patients. This applies to the present study where over a third of patients were prescribed two or more AEDs during the study period. It is possible that number and duration of SV use mixed the time on drug with drug withdrawal effect. The consistent association across different AED's and across both stroke and MI suggests however that withdrawal effects are unlikely to explain the observed associations. The study was restricted to epilepsy diagnosed patients who were treated, also the proportion of excluded patients is likely to be minimal. 25 The subtype of stroke is not well captured by CPRD data not allowing association with specific stroke subtypes to be determined. The study included only incidence stroke and MI events; however, it cannot exclude the possibility that undiagnosed stroke events may have triggered epilepsy in a minority of patients. Additionally, selection bias may have led to overestimation or underestimation of the actual SV effects. The study design allowed the opportunity to explore the possibility of control-selection bias by comparing the distribution of SV in cases and controls before and after the development of the casecontrol study. The distribution of the SV therapy between cases and controls was similar before and after the selection of the nested case-control study, with controls having a slightly higher drop in percentage treated with SV therapy compared to cases (7%) suggesting that the study estimates would be minimally affected. Recall bias is unlikely considering that all drug prescriptions are recorded on the computer at the time of drug prescribing. Unmeasured confounding may also explain some of the inconsistency in the results. If residual confounding explained our results, then we would have expected to observe similar associations across all drugs, and for both MI and stroke, which was not the case in general. A nested case-control design was used because of the evidence for its superior computational efficiency to survival analysis when exploring rare diseases (such as stroke in the context of epilepsy) and that the two analyses produce similar results. 26 Nested case-control design is also a standard technique when evaluating the impact of drug treatment on survival. 27, 28 When analysing primary care electronic health record data, such as CPRD, baseline measurements are drawn from clinically recorded data, which may not be recorded in a similar way across all patients. This is a common occurrence in most observational studies using electronic health records data for pharmacoepidemiological studies.
Comparison with previous studies
A previous Danish study 7 found SV treated epilepsy patients had reduced risk of MI, which our findings support. In a linked study, Olesen et al. 6 found reduced risk of both stroke and MI associated with SV therapy compared with carbamazepine. Present study findings are consistent with respect to MI but not ischemic stroke. Methodological and sampling differences between the two studies may explain some of sodium valproate and ischemic stroke
